The aim of this study was to examine the relationship or differences in ocular structures of amblyopic eyes compared to fellow eyes in children and young adults with hyperopic anisometropic amblyopia.
Background
Amblyopia is defined as a unilateral or, less commonly, bilateral reduction of the best-corrected visual acuity (BCVA) not explained directly by any structural abnormality of the eye or posterior visual pathways [1] [2] [3] . Hyperopia and anisometropia are risk factors for developing amblyopia, and relatively high degrees of hyperopic anisometropia can induce the risk for children [4] . Although amblyopia is associated with a structurally normal eye, several studies suggest that subclinical abnormalities of the eye and visual pathways may exist in amblyopic eyes when compared to the sound fellow eye [5] [6] [7] [8] . Recent developments in the field of ocular imaging technology have led to increased number of studies on ocular structures, including those that investigate the presence of retinal involvement in amblyopia. Previous studies in this area have been rather controversial, and there is no general agreement on retinal involvement [9] [10] [11] [12] [13] .
The aim of this study was to examine the relationship and differences in ocular parameters of the affected amblyopic eye when compared to the unaffected fellow eye in children and young adults with hyperopic anisometropic amblyopia.
Material and Methods
This prospective study was conducted at the Ophthalmology Clinic of Kayseri Training and Research Hospital on 53 hyperopic patients with anisometropic amblyopia, defined as the presence of a BCVA difference of at least two Snellen lines in addition to a spherical difference of at least 1.5 diopters between the eyes. The study protocol was approved by our Institutional Review Board and performed according to the Declaration of Helsinki. Written informed consent to participate in the study was obtained from each patient or from the parents of minor participants. Each participant underwent a comprehensive orthoptic and ophthalmologic examination, which included the following tests: BCVA (logMAR, Early Treatment Diabetic Retinopathy Study [ETDRS] chart), ocular deviation (with cover at near [30 cm] and far [2.5 m and/or 5 m] distances), four prism diopter base-out, eccentric fixation (traditional visuoscope target, direct ophthalmoscope), binocular single vision (TNO or Titmus fly), slit-lamp, intraocular pressure (Goldmann applanation tonometry or tonopen) and cycloplegic refraction (induced with cyclopentolate 1% and tropicamide 1%, one drop each, after one drop proparacaine 1%). Autorefraction was performed using a TONOREF™ II Autoref/ Kerato/Tonometer (Nidek, Tokyo, Japan) approximately 30 minutes after the last drop and dilated funduscopy. Exclusion criteria were the presence of an organic eye disease, previous ocular trauma, or intraocular surgery, cataract, glaucoma, strabismus, eccentric fixation, laser treatment, or retinal or optic nerve disorders.
Patients were divided into two groups based on ages 5-12 years and 13-42 years. The age separation point was chosen to coincide with prior studies [12] [13] [14] .
The IOL Master (Carl Zeiss Meditec, Dublin, CA) was used for ocular biometry in order to measure axial length repeating until five valid values were obtained. Axial length was measured from the corneal vertex to the retinal pigment epithelium. The results of axial length measurements were interpreted on the basis of the signal-to-noise ratio above 2.0 and the appearance of graphs.
Pentacam Scheimpflug camera (Oculus, Wetzlar, Germany) was also used in order to analyze anterior segment parameters including corneal curvature, corneal thickness, and anterior chamber depth (ACD) repeating until three valid values were obtained. ACD was measured from the posterior surface of the cornea to the anterior surface of the lens. Only the scans with quality score (QS) of >95% were chosen for analysis.
The Spectralis optical coherence tomography (OCT) device (software version 5.6.4.0; Heidelberg Engineering, Dossenheim, Germany) was used for assessing peripapillary retinal nerve fiber layer (RNFL) thickness and macular thickness. Scans for all participants were performed with pupillary dilatation under the same intensity of dim room lighting by the same experienced technician. An internal fixation target was also used in all scans with real-time eye tracking system adjusted for eye motion. Macular thickness (μm) was determined automatically and analyzed by OCT software. The Fast Macular Thickness Map included a 25-line raster volume scan 20×20 degrees centered on the fovea. The scans were obtained in high speed mode with automated real time (ART) feature enabled. The infrared scanning laser ophthalmoscope (IR SLO) scan angle was set at 30 degrees in all scans acquired. We selected the macular map analysis protocol on the Spectralis to display numeric averages of the measurements for each nine subfields as defined by the ETDRS circle grid. The diameters of the concentric circles were 1 mm, 3 mm, and 6 mm for macular scan. The results obtained from the macular scan were classified by segments as shown in Figure 1 .
The peripapillary RNFL thickness parameters were automatically calculated by the fast RNFL mode. The scans were obtained in high speed mode with the automated real time (ART) feature enabled and set at 16 frames, and divided into sectors as shown in Figure 2 . This software provided a thickness profile across the temporal-superior-nasal-inferior temporal areas of the standard 12-degree circular scan. The software also calculated average thickness values (μm) for global and each 6 sectors centered on the optic disc (temporal, temporal superior, temporal inferior, nasal, nasal inferior, nasal superior). The Spectralis uses a signal-to-noise (SNR in dB) estimate for QS.
After all exposures, the non-centered scans and scans with signal strength <20 dB were excluded from the study.
Hyperopia is known to induce errors in comparative RNFL or macular thickness OCT measurements. To compensate for magnification factors, a modified Littmann formula is commonly used in order to rescale RNFL or macular thickness measures [15] . The application of Littmann's formula incorporates only axial length in determining the magnification factor of the eye [15, 16] . Measurements of macular or RNFL thickness by SD-OCT are dependent on the optics of the eye, including anterior segment power and axial length [15] . For the Spectralis OCT, only the corneal curvature is important. It will affect the measurement of the distances and areas [17, 18] . In order to compensate for this effect, The Heidelberg Eye Explorer (HEYEX) software program was used prior to the analysis [18] .
Statistical analysis
We compared the differences between the amblyopic and fellow eyes. For this aim, paired sample t-tests were used for normally distributed variables, and Wilcoxon signed rank tests were used for those that were not normally distributed. Pearson correlation analyses were used to assess the relationship between the interocular differences in axial length and central macular thickness by age groups. Analyses were conducted using the Statistical Package for the Social Sciences (SPSS) for Windows software (Version 16.0, SPSS, Inc., Chicago, IL). P values less than 0.05 were considered to be statistically significant.
Results
This study included 106 eyes of 53 patients with hyperopic anisometropic amblyopia, of whom 25 (47.2%) were female and 28 (52.8%) were male. The mean age was 20.40±11.40 years (range, 5-42). Participant characteristics are displayed in Table 1 . In all participants, we found significant differences in mean BCVA (0.61±0. 33 Among the younger group, the mean central macular thickness in the amblyopic eyes (260.71±14.48 μm) was significantly greater than that in the fellow eyes (254.29±14.79 μm), P=.001. In this group, the thickness of the superior inner quadrant was also greater in the amblyopic eyes (350.54±13.05 μm vs. 345±12.01 μm, P=.002). Among the older group, there were no significant differences except in the outer inferior quadrant, which was thicker in the amblyopic eyes (298±12.79 µm vs. 295.32±13.78 µm, P=.027). Table 3 shows a comparison of the mean macular thickness in the amblyopic and fellow eyes by age groups. 
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A comparison of the peripapillary RNFL thickness of the amblyopic and fellow eyes by age groups is shown in Table 4 . It was slightly thicker in the amblyopic eyes than the fellow eyes for most examined sectors, but the differences were not significant for any comparison group (in contrast, average thickness was less in the younger group at temporal superior and temporal inferior sectors).
In hyperopic anisometropic amblyopia, the interocular differences in axial lengths seemed to be related to the differences in the central macular thickness among those aged 5 to 12 years (R=-.703, P=.002). We found no such correlation among those aged 13 to 42 years (R=-.021, P>.05). Figure 3 shows this relationship by age groups.
Discussion
To our knowledge, this is the first study that compared the differences in the anterior and posterior ocular structures between different age groups with hyperopic anisometropic amblyopia.
We found significant differences in the mean anterior corneal curvature and ACD between the amblyopic and fellow eyes 
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in all participants using both Pentacam and IOL Master. These results are consistent with those of other studies [19] [20] [21] . In addition, the axial lengths of the amblyopic eyes were significantly shorter than those of the fellow eyes according to the IOL Master. Similarly, Cass and Tromans [19] found that axial length on an anisometropic amblyopic eye was significantly smaller than that of the fellow eye in 27 patients as measured by the A-scan ultrasound biometry through-the-lid technique. Patel et al. [20] also found axial length to be significantly shorter in amblyopic eyes compared to fellow eyes in nine patients with hyperopic anisometropic amblyopia.
Retinal involvement in amblyopia is controversial. Previous studies investigating peripapillary RNFL thickness and/or macular thickness in patients with amblyopia have reported various results. Some studies [9, 10, 25, 32] found greater RNFL thickness and/or macular thickness in amblyopic eyes, but others [11] [12] [13] [14] [21] [22] [23] [24] reported no significant differences. Contrary to previous studies [9, 10] we found no significant interocular difference in the peripapillary RNFL thickness of none of the participants or age groups. Yen et al. [9] and Yoon et al. [10] reported that RNFL thickness was significantly greater in eyes with refractive amblyopia compared to fellow eyes. In addition, Yoon et al. [10] found no difference in mean macular retinal thickness between anisometropic amblyopic eyes and normal eyes in hyperopic anisometropic children. They did not apply a compensation formula to OCT measurements in order to compensate for ocular magnification prior to analysis. Yen et al. [9] hypothesized that amblyopia affected postnatal maturation of the retina, including postnatal reduction of retinal ganglion cells, would lead to a measurable increase in the thickness of the RNFL in amblyopic eyes [9] .
Similar to our findings, Repka et al. [13, 14] and Walker et al. [22] found no difference in RNFL thickness between amblyopic and sound eyes. Walker et al. [22] also found no significant differences in macular thickness between amblyopic and fellow eyes in patients older than 18 years of age with amblyopia.
Huynh et al. [12] reported that amblyopic eyes had slightly greater foveal minimum thickness than fellow eyes, and this was more pronounced in 6-year-old children than 12-year-old children. Amblyopic eyes were also slightly thicker in the central macula (1 mm diameter region) in both comparisons, although these differences were not statistically significant to the P>.05 level. The inner macular rings (outer radii 1.5 mm) were thinner in the amblyopic eyes, but the peripapillary RNFL thickness was not significantly different. In both age groups, the central macular thickness was greater in those eyes with amblyopia, although it is uncertain if this preceded or followed the development of amblyopia. The IODs in foveal minimum thickness were greater among children who did not receive treatment for unilateral amblyopia. The peripapillary RNFL thickness was not significantly different between the amblyopic and normal fellow eyes or normal eyes of non-amblyopic children.
Wang and Taranath [21] found no interocular differences in peripapillary RNFL thickness, central macular thickness, or macular volumes.
Dickmann et al. [23] [24] [25] reported no statistically significant differences in RNFL or macular thickness in patients with anisometropic amblyopia, yet Alotaibi et al. [26] found significantly thicker RNFLs in the overall amblyopic group and no significant differences in macular or foveal thickness. There was slightly greater macular and foveal thickness only in the anisometropic amblyopic group. Based on their findings, Alotaibi [26] and Dickmann [23] [24] [25] suggested that amblyopia of different etiologies involve the loss of different neural cells. None of them measured axial length in their studies.
Wu et al. [27] found that the mean peripapillary RNFL and macular foveola thickness of amblyopic eyes were significantly thicker than those of fellow eyes. However, there were no significant differences in the 1 mm, 3 mm, or 6 mm macular thickness between them. They used no compensation formula for ocular magnification which could have influenced their results.
Andalib et al. [28] reported that the mean age of the patients in the anisometropic group was 10±3.1 years and that their mean macular thickness was significantly greater in the amblyopic eyes versus fellow eyes. There were no significant interocular differences between the prepapillary RNFLs.
Firat et al. [29] found no significant differences in the mean global RNFL thickness or the mean macular thickness between the amblyopic and fellow eyes in 19 patents with anisometropic amblyopia. Leone et al. [30] reviewed the literature on measuring macular thickness in amblyopes and proposed that the increased macular thickness found in several studies was due to inadvertent measurement of a parafoveal eccentric point in amblyopia. To address this issue, central fixation was confirmed in each participant in our study by ensuring that the foveal depression was located at the center of the macular scan.
Kok et al. [31] observed that there is a relationship between the axial lengths and the pericentral retinal thickness in both amblyopic and their fellow eyes. In all participants or age groups, our findings are consistent with theirs (R=.692, P<.0001; R=.883, P<.0001 in all participants, respectively). We also observed that the interocular differences in axial lengths seemed to be related to the interocular differences in central macular thickness among those aged 5 to 12 years (R=-.703, P=.002). However, we found no such correlation among those aged 13 to 42 years (R=-.021, P>.05).
Among all participants, the amblyopic eyes had slightly greater mean macular thickness in the 1-mm diameter areas. In the older group, they were similar, but in the younger group, they were significantly different. Findings for the younger group are consistent with those of Al-haddad et al. [32, 33] This result could be explained by the fact that the arrest of the physiological postnatal ganglion cell reduction in amblyopia can lead to increased retinal thickness in amblyopic eyes [9] ; however, the mean RNFL thickness was similar in both eyes. In a subsequent study using high definition SD-OCT, Al-haddad et al. [33] concluded that amblyopic eyes demonstrated differences in their macula, possibly representing signs of immaturity. Our study was unable to find a significant difference in the mean macular thickness between the amblyopic and fellow eyes in a group aged 13 to 42 years or in the overall participant group. It is difficult to explain this result, but it might be related to multiple pathogenetic mechanism or treatment of amblyopia [12, 34] .
Song et al. [35] found that axial length correlated negatively with average macular thickness and macular volume. We could not demonstrate differences in foveal retinal thickness. Our findings of anomalous relationships between axial length and pericentral retinal thickness in both amblyopic and fellow eyes of children could be due to a disturbed development of the retina in those eyes, although a hypothetical arrest of the normal postnatal ganglion cell reduction would be expected to lead to an abnormally thick retinal thickness, especially pericentral retinal thickness.
A substantial number of previous studies about comparative retinal OCT measurements between amblyopic and fellow eyes have not taken into account this potential effect of anterior segment power and axial length. Measurements of macular or RNFL thickness by SD-OCT are dependent on the optics of the eye, including anterior segment power and axial length [15] . If a compensation formula is not applied to measurements prior to analysis for ocular magnification, it can affect the measurement of distances and areas inadvertently [17, 18] . Hyperopia is known to induce errors in comparative RNFL and macular thickness in OCT measurements. Therefore, the HEYEX software was applied to measurements prior to analysis in order to compensate for ocular magnification effect.
Conclusions
The interocular differences in axial length parameters seemed to be related to the central macular thickness differences between the amblyopic and fellow eyes in the younger group. We found significantly greater mean central macular thickness in anisometropic amblyopic eyes among participants aged 5 to 12 years, but not in those who were older. All participants showed significant differences in mean anterior corneal curvatures and ACDs between amblyopic and fellow eyes. Further study to investigate and clarify the reproducibility and significance of these observations is needed.
